POTASSIUM DEPLETION IS ASSOCIATED with increased renal ammonia (NH 3 ϩ ϩNH 4 ϩ ) production and acid excretion and ultimately leads to the development of metabolic alkalosis in rats and humans (23, 30, 44 -46) . Several studies demonstrated that renal ammonia synthesis and excretion are intimately linked to potassium homeostasis. Hypokalemia increases renal ammonia production in intact experimental animals and humans (7, 24, 35) , whereas hyperkalemia or chronic ingestion of a highpotassium diet decreases renal ammonia production (20, 25, 43) . As summarized in the schematic diagram below (Fig. 1) , ammonia synthesis (ammoniagenesis) occurs mainly in the proximal tubule cells, where glutamine, a major circulating amino acid, is ultimately metabolized into NH 4 ϩ , HCO 3 Ϫ , and glucose. Thus the transport of glutamine into the cells constitutes a limiting barrier for ammonia synthesis in the proximal tubule cells. Glutamine is transported through several transport pathways distributed in both apical and basolateral membranes. Glutamine uptake in the brush-border membrane is mediated through ASCT2 (Slc1a5), B 0 AT1 (Slc6a19), and SAT2 (Slc38a2), all of which are Na ϩ -dependent neutral amino acid transporters, and localized to the proximal convoluted tubule (6, 8, 48) . In the basolateral membrane, glutamine enters the cells via the bidirectional and Na ϩ -and H ϩ -dependent glutamine transporter SN1 (Slc38a3), which is localized to the proximal straight tubule (8, 11, 40) . Glutamine is subsequently transported into the mitochondria, where it is metabolized into glutamate and NH 4 ϩ , a reaction catalyzed by phosphate-dependent glutaminase (GA, also known as GLS1). Glutamate is then converted to ␣-ketoglutarate and NH 4 ϩ , a reaction catalyzed by glutamate dehydrogenase (GDH). ␣-Ketoglutarate is ultimately converted to oxaloacetate, which in turn is converted to phosphoenolpyruvate and carbon dioxide via the action of phosphoenolpyruvate carboxykinase (PEPCK), a cytosolic gluconeogenic enzyme. These reactions ultimately lead to HCO 3 Ϫ generation and glucose production in the proximal tubule cells (Fig. 1) .
Several studies demonstrated that metabolic acidosis is associated with the stimulation of ammoniagenesis and increased acid excretion by the kidney. SN1, GA, GDH, and PEPCK are among several targets that have been identified to account for the increased renal ammonia synthesis and bicarbonate generation in response to an acid insult (17, 18, 26, 38, 40, 42) . Studies pioneered by different investigators demonstrated that the upregulation of these genes in metabolic acidosis is initiated by the acidic pH per se and that most of the effect of acidosis is mediated through the stabilization of the mRNA transcript that encodes for each of these proteins (18, 38, 40, 42) . While our knowledge and understanding of the molecular mechanisms and signaling pathways mediating the increased ammoniagenesis in response to metabolic acidosis have significantly improved during the last decade, the cellular and molecular mechanisms involved in the stimulation of ammoniagenesis as well as glutamine transport in the proximal tubule in response to potassium depletion are still poorly understood.
Hence the objective of these studies was to determine, in a time course study, the effects of potassium deprivation on renal ammonia excretion and correlate it with the expression of glutamine transporters, as well as the expression of the key enzymes involved in ammoniagenesis (GA and GDH) and gluconeogenesis (PEPCK). In additional studies, we have examined the effect of acid loading alone or combined with potassium deprivation on urinary NH 4 ϩ excretion, SN1, and ammoniagenic enzymes. These studies were set to determine whether the effects of acid loading and potassium deprivation are mediated through the same or different signaling mechanism(s). Finally, the effects of extracellular K ϩ concentration on NH 4 ϩ production, SN1, and ammoniagenic enzyme expression was studied in vitro using NRK 52E and LLC-PK 1 cell lines derived from the proximal tubule of normal rat and pig kidneys, respectively.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee of the University of Cincinnati approved the experimental protocols used in the following studies. Male Sprague-Dawley rats (Harlan, Indianapolis, IN) were housed two rats/cage with free access to rat chow and distilled water and maintained in a temperature-controlled room regulated on a 12:12-h light-dark cycle for 1 wk before and during the following treatments.
Potassium deprivation. Male Sprague-Dawley rats (180 -310 g) were placed in metabolic cages and allowed free access to food and distilled water. After 3-4 days of adjustment, rats were randomly divided into two groups and fed a control or K ϩ -free diet (KD) as previously described (2, 3, 5) . Both groups had free access to distilled water for up to 6 days. In the KD group, some rats were euthanized after 2 days and some after 6 days of potassium deprivation.
This experiment was repeated with animals fed a control (n ϭ 4 rats) or KD and euthanized after 12 (n ϭ 5 rats) and 24 h (n ϭ 5 rats) to determine serum K ϩ concentration ([K ϩ ]) at this early time point of K ϩ deprivation. Sodium and chloride deprivation. Male Sprague-Dawley rats were placed in metabolic cages and fed a control diet with free access to distilled water. After 3 or 4 days, the rats were divided into two groups. The control group had access to a normal diet (control, n ϭ 4 -5 rats), the second group was placed either on a sodium-free diet (n ϭ 5 rats) or on a chloride-free diet (n ϭ 5 rats). All rats in these groups had free access to distilled water during the experiment. The control diet for the Na ϩ -deficient group was a 1% NaCl diet (TD 90229). In the Na ϩ -deficient diet (TD 90228), chloride was provided with choline and other minerals. For chloride-deficient diets (TD 91348), a control diet (TD 99017) that had 0.17% Cl Ϫ was used. These diets were purchased from Harlan Teklad (Madison, WI).
NH4Cl loading plus K ϩ deprivation. Sprague-Dawley rats (250 -310 g) were placed in metabolic cages and allowed free access to regular rat chow and distilled water. After a period of 3 days of adjustment in metabolic cages, rats were divided into four groups. The first group (NH4Cl, n ϭ 4 rats) was switched to a drinking solution containing 280 mM NH 4Cl to induce metabolic acidosis; the second group (KD; n ϭ 4 rats) was switched to a K ϩ -free diet with access to distilled water; the third group (KDϩNH 4Cl, n ϭ 4 rats) was switched to a K ϩ -deficient diet with free access to a drinking solution containing 280 mM NH4Cl; and the fourth group (control; n ϭ 4 rats) remained on a control diet with access to distilled water. The animals in all four groups were euthanized after 2 days of treatment.
During each of the above studies, food intake, water intake, and urine volume were measured daily. At the end of each experiment, the animals were killed and blood was obtained from the heart for blood composition analysis. The kidneys were removed, and the whole cortex was dissected and snap-frozen in liquid nitrogen and stored at Ϫ80°C for total cellular RNA and membrane proteins isolation. Urine ammonium concentration was measured using the phenol/sodium hypochlorite method described by Berthelot and used by others (21) , and urine [K ϩ ] was measured by flame photometry. Urine titratable acid was measured using a titration method described by Chan (10) .
Effect of extracellular [K ϩ ] using LLC-PK1 and NRK 52E cells. Normal rat kidney (NRK 52E) and LLC-PK 1 cells were purchased from the American Type Culture Collection and maintained in DMEM containing 0.5% glucose, 1% penicillin/streptomycin, 1% glutamine, 0.5% sodium pyruvate, and 10% fetal bovine serum. Cells were cultured in flasks at 37°C in 5% CO2 and 90% humidified air and split using a 0.25% trypsin/0.05% EDTA solution. To study the effects of an acidic medium or low extracellular [K ϩ ], 8 ϫ 10 5 cells were plated in 100-mm cell culture dishes in the above DMEM for up to 3 days. After 80 -90% confluence, cells were than incubated in a modified Hanks' and serum-free solution containing (in mM) 115 NaCl, 25 NaHCO3, 1 MgCl2, 1 MgSO4, 1 CaCl2, 2 NaH2PO4, and 10 HEPES as well as 0.5% glucose, 1% glutamine, 0.5% sodium pyruvate, and 1% penicillin/streptomycin. The pH on the media was adjusted to 6.90 (acidic pH) or 7.40 (normal pH) using Tris-base. This solution was supplemented with either 5 mM KCl for control or 3.5 or 2.5 mM for low [K ϩ ]. The cells were then incubated for 24 -72 h. At the end of the treatment, a sample of the media was saved for [NH 4 ϩ ] measurement, and NRK cells were harvested for total RNA isolation and Northern hybridization experiments.
Total RNA isolation. Total cellular RNA was extracted from the kidney cortex by the method of Chomczynski and Sacchi (14) and as previously used in our laboratory (2, 3) . Briefly, cortex tissues were homogenized in phenol/guanidine thiocyanate reagent (Tri Reagent) at room temperature. Total RNA was extracted by bromochloropropane and centrifugation at 12,000 g for 15 min. The aqueous phase containing total RNA was transferred to a new tube and precipitated by addition of isopropanol and centrifugation at 12,000 g for 10 min. The resulting pellet was washed with 75% deionized ethanol and centrifuged at 7,500 g for 6 min. Total RNA was than air-dried, dissolved in formazol, quantitated by spectrophotometry, and stored at Ϫ80°C.
Northern hybridization. Total RNA samples (30 g/lane) were fractionated on a 1.2% agarose-formaldehyde gel and transferred to Magna NT nylon membranes using 10ϫ sodium chloride-sodium phosphate-EDTA as a transfer buffer. Membranes were cross-linked by ultraviolet light and baked at 70°C for 1 h. Hybridization was performed according to Church and Gilbert (15) and as previously used in our laboratory (2, 3, 5) . Membranes were hybridized overnight with 32 P-labeled specific DNA probes (25 ng). The membranes were washed, blotted, and exposed to a Phosphor-imager cassette at room temperature for 24 -72 h and read by the Phosphor-imager (Molecular Dynamics, Sunnyvale, CA). Specific probes were generated by RT-PCR using the following specific primers: SN: forward 5=-CTGAAGACGCCCAACACTG-3= and reverse 5=-CAGAATGATGATGACGGATA-3= (nucleotides 201-700).
ASCT2: forward 5=-GCCTGGTCGTGTTCGCTATA-3= and reverse 5=-GCCAGTCCACGGCCAAGATC-3= (nucleotides 814 -1500). B 0 AT1: forward 5=-ACCTCCACCCTGCCCTAT-3= and reverse 5=-AGATTTCGGGAACTCCTC-3= (nucleotides 719 -1762).
SAT2: forward 5=-CCCATTGTCACTGCTGAGAAA-3= and reverse 5=-TCCCTGATAGTGGGGACAAA-3= (nucleotides 1015-1695).
GA: forward 5=-TCGCTATGTTGGGAAGGAGCC-3= and reverse 5=-CGTCAGAATCCCCTTGAGGTG-3= (corresponding to nucleotides 984 -2026).
GDH: 5=-CGCCCTGCAAGGGAGGTATCC-3= and forward 5=-TGGAACTCTGCTGTGGGGACC-3= (corresponding to nucleotides 491-1541).
PEPCK: forward 5=-GGTCATCATGCACGACCCCTTC-3= and reverse 5=-CAGGGCTCGGAGCTCCCTCTC-3= (nucleotides 1562-1988).
Preparation of membrane fractions from kidney cortex. A total cellular fraction containing plasma membrane and intracellular membrane vesicles was prepared from renal cortex slices as previously described (2, 3) . Briefly, the tissue samples were homogenized in ice-cold isolation solution containing 250 mM sucrose and 10 mM triethanolamine, pH 7.6, in the presence of protease inhibitors (0.1 mg/ml phenylmethanesulfonyl fluoride and 1 g/ml leupeptin) using a Polytron homogenizer. The homogenate was centrifuged at low speed (1,000 g) for 10 min at 4°C to remove nuclei and cell debris. The supernatant was spun at 150,000 g for 90 min at 4°C. The pellet containing plasma membrane and intracellular vesicles was suspended in the above isolation solution containing protease inhibitors. Total protein concentration was first measured by spectrophotometry using a BCA kit, and the membrane fractions were solubilized at 65°C for 20 min in Laemmli buffer before being stored at Ϫ20°C.
Electrophoresis and immunoblotting. Semiquantitative immunoblotting experiments were carried out as previously described (2, 3) in our laboratory. Briefly, the solubilized membrane proteins were size fractionated on 10% polyacrylamide minigels (Novex, San Diego, CA) under denaturing conditions. Using a Bio-Rad transfer apparatus (Bio-Rad Laboratories, Hercules, CA), the proteins were electrophoretically transferred to a nitrocellulose membrane. The membrane was blocked with 5% milk proteins and then probed with affinity-purified SN1 antibody. The secondary antibody was donkey anti-rabbit IgG conjugated to horseradish peroxidase (Pierce). The site of antigenantibody complexation on the nitrocellulose membranes was visualized using the chemiluminescence method (SuperSignal Substrate, Pierce) and captured on light-sensitive imaging film (Kodak). The equity in protein loading in all blots was first verified by gel staining using Coomassie brilliant blue (R-250, Bio-Rad) (see Fig. 3C ).
Materials. [ 32 P]dCTP was purchased from New England Nuclear (Boston, MA). Nitrocellulose filters and other chemicals were purchased from Sigma (St. Louis, MO). A High Prime DNA labeling kit was purchased from Roche Diagnostics (Mannheim, Germany). The SN1 antibody was generated and previously used in Dr. F. A. Chaudhry's laboratory (40) .
Statistical analysis. Semiquantification of immunoblotting and Northern hybridization band densities was determined by densitometry using a scanner (ScanJet ADF, Hewlett-Packard) and UN-SCAN-IT gel software (Silk Scientific, Orem, UT) and ImageQuaNT software (Molecular Dynamics), respectively. Data are expressed as the percentage of control. Results are presented as means Ϯ SE. Statistical significance between control and experimental groups was determined by one-way ANOVA or Student's unpaired t-test as needed. P Ͻ 0.05 was considered significant.
RESULTS
Blood electrolyte composition in control vs. potassiumdeprived rats. Blood chemistry data shown in Table 1 indicate that rats deprived of K ϩ for up to 6 days showed normal electrolyte composition and normal acid-base balance (P Ͻ 0.05) compared with control animals. Rats on KD for 6 days showed a slightly lower serum K ϩ concentration that was not significantly different from that of control animals (Table 1) . Furthermore, serum [K ϩ ] was 5.07 Ϯ 0.36 (P Ͼ 0.05) and 4.95 Ϯ 0.13 meq/l (P Ͼ 0.05) in rats fed a K ϩ -free diet for 12 and 24 h, respectively, compared with 5.17 Ϯ 0.29 meq/l in control animals.
Food intake and urinary K ϩ , NH 4 ϩ , and net acid excretion. Food intake was measured daily in both control and KD animals. The results showed that food intake remained unchanged after 2 days (21 Ϯ 0.69 g/24 h, P Ͼ 0.005, Fig. 2A 2C ). Urine pH was 6.71 Ϯ 0.47 (P Ͼ 0.05) and 7.22 Ϯ 0.37 pH units (P Ͼ 0.05) at 2 and 6 days of KD, respectively, vs. 6.83 Ϯ 0.25 pH units in control animals. Titratable acid excretion did not change after 2-day KD (0.678 Ϯ 0.21 meq/day, P Ͼ 0.05) but significantly increased after 6 days of KD (1.721 Ϯ 0.35 meq/day, P Ͻ 0.04) compared with control (0.618 Ϯ 0.23 meq/day). The results depicted in Fig. 2D show that net acid excretion remained unchanged at 2 days but significantly increased after 6 days of K ϩ deprivation compared with control animals (Fig. 2D) .
Effects of KD on expression of glutamine transporters in the proximal tubule. The expression of several transport proteins involved in glutamine transport in the proximal tubule was examined in the kidney cortex of control and KD animals by immunoblotting and/or Northern hybridization methods. As shown in Fig. 3 , the expression of SN1 mRNA increased significantly after 2 days (159 Ϯ 15%, P Ͻ 0.03, Fig. 3 , A and B) and further increased after 6 days (220 Ϯ 28%, P Ͻ 0.02, Fig. 3, A and B) of the KD diet compared with the control diet (100 Ϯ 4%, Fig. 3, A and B) . The protein abundance of SN1 followed its mRNA expression and increased significantly as early as 2 days (191 Ϯ 6.43%, P Ͻ 0.001, Fig. 3 , C and D) and further increased after 6 days (337 Ϯ 43%, P Ͻ 0.006, Fig. 3 , C and D) of the KD diet compared with the control diet (100 Ϯ 1.14%, Fig. 3, C and D) . The results shown in Fig. 4 indicate that SAT2 mRNA expression increased slightly after 2 days (156 Ϯ 25%, P Ͼ 0.05, Fig. 4, A and B) , and further increased after 6 days (190 Ϯ 23%, P Ͻ 0.04, Fig. 4, A and B) of the KD diet compared with the control diet (100 Ϯ 19%, Fig. 4, A and B) . The mRNA expression of ASCT2 remained unchanged in response to the KD diet (P Ͼ 0.05, Effects of sodium or chloride deprivation on SN1 expression. To determine the specificity of the effect of K ϩ deprivation (KD) on SN1 expression, we examined its mRNA expression in other models of electrolyte deprivation, such as sodium or chloride deprivation. As shown in Fig. 5 , unlike K ϩ deprivation, the mRNA expression levels of SN1 in the kidney cortex was not significantly altered in response to Na ϩ (80 Ϯ 6, P Ͼ 0.05, Fig. 5A, top blot, and B) or Cl Ϫ (123 Ϯ 14, P Ͼ 0.05, Fig.  5A , bottom blot, and B) deprivation compared with their respective controls. . Rats were placed in metabolic cages and fed control (n ϭ 9) or KD (n ϭ 18) diets for up to 6 days. Rats on the KD diet were euthanized after 2 days (n ϭ 9) or 6 days (n ϭ 9) of treatment. Food intake (A), urinary K ϩ excretion (B), urinary NH 4 ϩ excretion (C), and urinary net acid excretion (D) were measured. 
Effects of KD on key enzymes involved in glutamine catabolism.
To determine the effects of KD on glutamine metabolism, we examined the expression levels of the key enzymes involved in glutamine metabolism and ammoniagenesis by Northern hybridization using the same total RNA isolated from the cortex of control and KD animals. As shown in Fig. 6 , the expression of mitochondrial GA increased significantly as early as 2 days (241 Ϯ 21%, P Ͻ 0.003) and remained elevated for up to 6 days (172 Ϯ 10%, P Ͻ 0.003, Fig. 6, A and B) of the KD diet compared with the control diet (100 Ϯ 4.4%, Fig. 6, A and B) . Similarly, the mRNA expression of mitochondrial GDH increased significantly as early as 2 days (170 Ϯ 6.4%, P Ͻ 0.04) and remained higher for up to 6 days (152 Ϯ 7.6%, P Ͻ 0.05, Fig. 6, A and B) of the KD diet. In addition to GA and GDH, the expression levels of cytosolic PEPCK increased significantly within 2 days (273 Ϯ 27%, P Ͻ 0.001) and remained elevated for up to 6 days (247 Ϯ 9%, P Ͻ 0.01, Fig. 6, A and B) compared with the control diet (100 Ϯ 3.5%, Fig. 6, A and B) .
Effects of combined K ϩ deprivation and NH 4 Cl loading on urinary NH 4 ϩ excretion. The above results demonstrate that KD stimulates ammoniagenesis by upregulating the expression levels of SN1, GA, and GDH. Since metabolic acidosis has been shown to upregulate these genes (18, 38, 40, 42) , we performed the following experiment to determine whether the increase in mRNA expression of SN1, GA, and GDH may result from KD-induced intracellular acidification. The rationale behind these studies was to determine whether KD-and NH 4 Cl loading-induced metabolic acidosis stimulate ammoniagenesis through the same or different pathways. Toward this end, urinary NH 4 ϩ excretion and the mRNA expression of SN1 and ammoniagenic enzymes were determined in animals subjected to control, KD alone, NH 4 Cl loading alone, or KDϩNH 4 Cl In addition, the results of this experiment showed that the amount of NH 4 Cl consumed by rats on the KD diet is significantly less than that consumed by animals fed the control diet (3.9 Ϯ 0.20 vs. 6.8 Ϯ 0.13 mM/24 h, P Ͻ 0.0001, Fig. 7B,  respectively) .
Expression of SN1, GA, and GDH in KD, NH 4 Cl, and KDϩNH 4 Cl-loaded rats. The expression of SN1 and ammoniagenic enzymes was examined by the Northern hybridization method using total RNA harvested from the kidney cortex of control and treated animals. The results depicted in Fig. 8 indicate that the mRNA expression of SN1 is significantly increased after 2 days of treatment (151 Ϯ 8%, P Ͻ 0.003 in KD, 256 Ϯ 9%, P Ͻ 0.001 in NH 4 Cl loaded) compared with control animals (100 Ϯ 7%, Fig. 8 ). Despite a significant reduction in NH 4 Cl intake in KDϩNH 4 Cl-loaded rats (P Ͻ 0.0001, Fig. 7B ), urinary NH 4 ϩ excretion increased further (295 Ϯ 44%, P Ͻ 0.002 in KDϩNH 4 Cl loading). It should be noted that the upregulation of SN1 mRNA in the KDϩNH 4 Cl group is significantly different from that of KD alone (P Ͻ 0.01), but not from that of NH 4 Cl alone (P Ͼ 0.05, Fig. 8 ). This likely results from the fact that the level of NH 4 Cl intake is significantly reduced in the KDϩNH 4 Cl group compared with that in the NH 4 Cl alone group (P Ͻ 0.0001, Fig. 7B) .
Similarly, the results shown in Fig. 9 indicate a significant increase in the mRNA expression levels of GA, GDH, and PEPCK in all three conditions. The expression of GA increased in KD (211 Ϯ 63%, P Ͻ 0.05), in NH 4 Cl-loaded rats (296 Ϯ 59%, P Ͻ 0.05), and in KDϩNH 4 Cl-loaded animals (552 Ϯ 23%, P Ͻ 0.01) compared with controls (100 Ϯ 8%, Fig. 9, A  and B) . The expression of GDH is also upregulated in response to KD (156 Ϯ 6%, P Ͻ 0.05), NH 4 Cl-loaded animals (204 Ϯ 14%, P Ͻ 0.05), and in KDϩNH 4 Cl-loaded rats (374 Ϯ 39%, P Ͻ 0.01) compared with control animals (100 Ϯ 13%, Fig. 9,  A and B) . Last, the mRNA expression of PEPCK also increased in KD (278 Ϯ 23%, P Ͻ 0.01), in NH 4 Cl-loaded rats (325 Ϯ 49, P Ͻ 0.01), and in KDϩNH 4 Cl-loaded animals (380 Ϯ 55, P Ͻ 0.01) vs. the control group (100 Ϯ 0.03, Fig. 9, A and B (Fig. 10B) .
In additional studies, we examined the expression of SN1, GA, GDH, and PEPCK in normal rat kidney proximal tubule cells (NRK 52E) cells incubated in a serum-free medium containing 5 mM (control) or 2.5 mM (low) K ϩ , as described in MATERIALS AND METHODS. Northern hybridization studies depicted in Fig. 11 indicate that the mRNA expression levels of SN1, GA, GDH, and PEPCK remained unchanged in medium containing low (2. Fig. 11, A and B) . The results are consistent with the Fig. 6 . Effects of KD on the mRNA expression of GA, GDH, and PEPCK in the kidney cortex. A: Northern hybridization of GA, GDH, and PEPCK mRNA in the kidney cortex of control vs. KD rats. 28S rRNA was used as a constitutive gene for the control of the equity of RNA loading into Northern gels. B: corresponding densitometry analysis showing the mean of enzyme mRNA-to-28S rRNA ratio. Each lane was loaded with 30 g of total RNA from a different rat. *P Ͻ 0.003, ¥P Ͻ 0.04, §P Ͻ 0.05, ¶P Ͻ 0.001, and **P Ͻ 0.01 vs. controls; n ϭ 3 rats/group. Fig. 7 . Effects of different treatments on urinary NH 4 ϩ excretion and NH 4 ϩ loading. Rats were placed in metabolic cages and fed a control diet with free access to distilled water (baseline); at a steady state, rats were switched to indicated treatment for 2 days (after treatment). Fluid intake and urine volume were measured before and after treatments, and urinary NH 4 ϩ excretion (A) and NH4Cl loading (B) were determined. *P Ͻ 0.02 and **P Ͻ 0.04 vs. controls; n ϭ 4 rats/group. finding that the concentration of NH 4 ϩ produced within 24 h by NRK cells in both media was identical (P Ͼ 0.05, Fig. 10C ). However, incubation of NRK cells in serum-free acidic medium (pH o ϭ 6.90) for 24 h significantly stimulated NH 4 ϩ synthesis and production with medium [NH 4 ϩ ] ϭ 2.44 Ϯ 0.046 vs. 1.90 Ϯ 0.06 mM (P Ͻ 0.0005) for cells incubated in serum-free medium with normal pH (pH o ϭ 7.40).
To test whether lowering extracellular [K ϩ ] or reducing pH o acidifies the cells, NRK cells were loaded with BCECF-AM (pH-sensitive dye) and monitored for changes in intracellular pH (pH i ). The results indicate that when medium [K ϩ ] is acutely reduced from 5 mM to 2.5, no effect on pH i of NRK cells was observed (data not shown). The pH i remains stable for the duration of the experiment (up to 20 min). However, switching from an pH o of 7.40 to 690 caused a slight but significant decrease in pH i (from 7.26 Ϯ 0.11 to 7.15 Ϯ 0.18, P Ͻ 0.05) within 5 min.
DISCUSSION
Several studies have shown that hypokalemia is associated with increased ammoniagenesis in both humans and experimental animals (23, 44 -46) . Our present studies demonstrate for the first time that this effect is developed in response to potassium deprivation before the onset of hypokalemia. Similar findings were previously reported for K ϩ deprivationinduced urinary concentrating defect (3) and downregulation of the medullary thick ascending limb apical Na
Ϫ cotransporter or NKCC2 (5). The increase in urinary NH 4 ϩ excretion is developed within 2 days of K ϩ deprivation and while the plasma K ϩ level is still within normal value (Fig. 2B and Table 1 ). Recent studies demonstrated that an unknown gut factor is released and increases renal efficiency of K ϩ excretion in response to increased K ϩ intake (29) . Whether the inhibition of such a gut factor by K ϩ deprivation leads to increase renal K ϩ conservation and maintenance of serum [K ϩ ] during the early phase (up to 6 days) of K ϩ deprivation has not been studied. The present studies further show that the increase in NH 4 ϩ excretion correlates with the upregulation of several genes that play a key role in the ammoniagenesis process. Glutamine is the major circulating amino acid and is metabolized in the proximal tubule to produce NH 4 ϩ , HCO 3 Ϫ , and glucose (Fig. 1) . The upregulation of SN1 increases the influx of glutamine into the cells and thus plays an important role in initiating NH 4 ϩ synthesis, generation of new HCO 3 Ϫ , and increased acid excretion by the kidney. The upregulation of SN1 (Fig. 3) correlates with increased expression of mitochondrial ammoniagenic enzymes GA and GDH and cytosolic PEPCK (Fig. 6) , which occurred as early as 2 days of KD and correlates with increased urinary NH 4 ϩ excretion (Fig. 2C) . The latter reflects an increase in the activities of both SN1 and ammoniagenic enzymes. The upregulation of SN1, GA, GDH, and PEPCK is likely mediated through the stimulation of the transcription of their respective genes and/or an increase in the stability of their mRNA transcripts.
The stimulation by KD of glutamine transporters in the proximal tubule is likely specific to SN1, as the expression of other transporters is either slightly increased (SAT2), not affected (ASCT2), or decreased (B 0 AT1) (Fig. 4) . Furthermore, the effects of electrolyte imbalance on glutamine transport and metabolism is also specific to K ϩ deprivation, as Na ϩ and Cl Ϫ deprivation did not alter SN1 expression (Fig. 5 ). The present studies describe the molecular adaptation of glutamine transport and metabolism in K ϩ deprivation, but the signaling pathway underlying the stimulation of ammoniagenesis in this condition still remains unknown. The upregulation of SN1 (26, 40) with a subsequent increase in the expression of ammoniagenic enzymes GA (17, 42) , GDH (17, 38) , as well as PEPCK (17, 18) has also been described in metabolic acidosis. In this condition, however, the stimulation of ammoniagenesis is an appropriate response, which contributes to enhanced acid Fig. 8 . Effects of KD, NH4Cl loading or KDϩNH4Cl loading on SN1 mRNA expression in the kidney cortex. Top: representative Northern hybridization of SN1 mRNA in the kidney cortex of rats subjected to control, KD alone, NH4Cl loading alone, or KDϩNH4Cl loading for 2 days. 28S rRNA was used as a constitutive gene for the control of the equity of RNA loading into Northern gels. Bottom: corresponding densitometry analysis showing the mean of SN1 mRNA-to-28S rRNA ratio. Each lane was loaded with 30 g of total RNA from a different rat; n ϭ 4 rats/group. Fig. 9 . mRNA expression of GA, GDH, and PEPCK in the kidney cortex after different treatments. A: representative Northern hybridization of GA, GDH, and PEPCK mRNA in the kidney cortex of control KD alone, NH4Cl loading alone, or KDϩNH4Cl loading for 2 days. 28S rRNA was used as a constitutive gene for the control of the equity of RNA loading into Northern gels. B: corresponding densitometry analysis showing the mean of enzyme mRNA-to-28S rRNA ratio. Each lane was loaded with 30 g of total RNA from a different rat. *P Ͻ 0.05 and **P Ͻ 0.03 vs. controls; n ϭ 4 rats/group. excretion and increased bicarbonate generation, both of which ultimately lead to the correction of metabolic acidosis. Furthermore, the effects of in vivo metabolic acidosis on these genes has been mimicked and reproduced in models of in vitro acidosis, indicating that acidic pH per se plays a major role in the signaling pathways involved in the stimulation of SN1 (40), GA (42) , GDH (38) , and PEPCK (21) . In early KD and up to 6 days, the acid-base status of animals on a K ϩ free diet remained normal compared with control animals ( Table 1 ), indicating that the stimulation of SN1 and ammoniagenic enzymes is not secondary to systemic metabolic acidosis in KD. It should be noted, however, that early K ϩ deprivation could lead to intracellular K ϩ depletion, which prevents the onset of hypokalemia. In this case, an intracellular acidosis can occur by K ϩ /H ϩ exchange (K ϩ efflux/H ϩ influx) and can lead to the activation and upregulation of SN1 and ammoniagenic enzymes in vivo. However, previous in vitro studies, using both perfused kidney and cortical slices, demonstrated that the incubation of proximal tubule cells in low ambient [K ϩ ] did not stimulate NH 4 ϩ production or glutamine utilization compared with normal [K ϩ ] (37). These studies are supported by our current data showing that the incubation of LLC-PK 1 or NRK cells in low-K ϩ medium did not affect NH 4 ϩ production (Fig. 10) or the expression of ammoniagenic enzymes compared with cells incubated in control medium. Together, these in vitro studies clearly indicate that the effects of KD on renal ammoniagenesis is not secondary to intracellular K ϩ depletion and/or an eventual accompanying intracellular acidosis. While in our experiment serum [K ϩ ] never dropped significantly, we did not observe any changes in the pH i of NRK cells when exposed to low 2.5 mM [K ϩ ] solution, but they did acidify significantly when exposed to acid solution (pH o ϭ 6.90). These data could mean that NRK cells did not acidify in response to low K ϩ , and that is why ammoniagenesis is not stimulated or that low K ϩ requires a circulating hormone or factor to stimulate ammoniagenesis and such factor is activated in vivo but absent in the media when K ϩ was lowered from 5 to 2.5 mM. Indeed, the present studies demonstrate that the combination of K ϩ deprivation and acid (NH 4 Cl) loading caused a sharp increase in urinary NH 4 ϩ excretion that is greater than that observed in KD alone or acid loading alone (Fig. 7A) , despite the fact that NH 4 Cl loading is significantly reduced in KDϩNH 4 Cl vs. NH 4 Cl loading alone (Fig. 7B) . The increase in NH 4 ϩ excretion correlates with a significant increase in the expression levels of GA and GDH in KDϩNH 4 Cl vs. NH 4 Cl loading alone compared with control (Fig. 8) . Recent studies in mice (9) demonstrated that ammoniagenesis is stimulated only in long-term KD treatment (14 days) but not at an early time point (7 days) despite a sharp drop in serum [K ϩ ], indicating significant species differences in K ϩ deprivation-induced ammoniagenesis (9) . However, after 14 days on KD, which led to an increase in NH 4 ϩ excretion by twofold, 2 days of NH 4 Cl loadingϩKD further increased NH 4 ϩ excretion by fivefold (9) . These data are similar to those described above in rats and show an additive effect of KD and acid loading on ammoniagenesis pathways. At this time, it is not known whether the ϩ ] produced in the medium was measured in these conditions. additive effect results from the fact that the same cells of the proximal tubule are responding to a different stimulus activated by KD and acid loading or that different segments of the proximal tubule are responding to KD vs. acid loading. Nevertheless, taken together, these in vivo and in vitro data indicate that the stimulation of ammoniagenesis in response to acid loading or KD is likely mediated through two different signaling pathways. These pathways are activated by intracellular acidosis (acidic pH) in response to acid loading and by another factor (one or more hormones) either produced locally in the kidney or of extrarenal origin in response to K ϩ deprivation. Once activated, these two pathways can work in a synergistic manner and produce an additive increase in the expression and activities of SN1 and ammoniagenic enzymes. In this regard, several growth factors or hormones are stimulated in response to hypokalemia or K ϩ restriction. These include the insulinlike growth factor system and transforming growth factor-␤ (36, 47) , pituitary hormone(s) (13, 52) , angiotensin II (41), and endothelin-1 (41) . Both angiotensin II and endothelin-1 have receptors in the proximal tubule cells, and angiotensin II has been shown to stimulate ammoniagenesis in rat kidney (12, 31) . However, whether these hormones or growth factors play a role in the early stimulation of ammoniagenesis in K ϩ deprivation remains to be determined.
Regardless of the signaling pathways underlying the stimulation of ammoniagenesis in K ϩ depletion, a fundamental physiological question as to why an increase in NH 4 ϩ production and excretion accompanies K ϩ deprivation remains unanswered. It is clear, however, that a well-established relationship exists between NH 4 ϩ production and K ϩ intake. An increase in NH 4 ϩ production correlates with an increase in K ϩ conservation in K ϩ deprivation as shown above (Fig. 2, B and C) , and a decrease in NH 4 ϩ production accompanies an increase in K ϩ excretion during a state of K ϩ loading or chronic ingestion of a high-K ϩ -rich diet (19, 20, 25, 39, 43) . Several reports showed that colonic H ϩ -K ϩ -ATPase is induced in the collecting duct of rat kidneys in K ϩ depletion (1, 16, 28, 32) . Subsequent studies demonstrated that colonic H ϩ -K ϩ -ATPase plays an important role in NH 4 ϩ secretion in the medullary collecting duct during K ϩ depletion in rats (33 4 ϩ produced in the proximal tubule is ultimately shunted to the medullary interstitium, where it is accumulated before its secretion in the medullary collecting duct (reviewed in Ref. 27) . Hence, we propose that the transport of NH 4 
